In order to identify genes involved in the development of the central nervous system (CNS) we have undertaken a gain of function screen in the embryonic CNS of Drosophila. Transposable P-elements and the UAS/GAL4 system were used to initiate transcription of genes in a panneural pattern using scaGAL4. Over 4100 individual P-element insertion lines were screened with monoclonal antibodies BP102 and 1D4 to visualize axon pathways. Twenty-five P-element insertions corresponding to 18 genes resulted in aberrant CNS axon pathfinding when misexpressed with scaGAL4. Genes involved in axon guidance, embryonic patterning, and cell cycle regulation were isolated. In addition, we identified several zinc finger transcription factors not previously implicated in axon guidance or CNS development. This group includes Squeeze, Kruppel homolog-1, Hepatocyte nuclear factor 4, and two uncharacterized genes, CG11966 and CG9650. Calnexin99A, a putative molecular chaperone, was isolated as well. q
Introduction
The major goal of developmental neurobiology is to understand how a complex nervous system is assembled. First, specification of the different cell types that compose the CNS must occur. Next, individual neurons and glia must acquire their specific cell fates. Finally, axons are directed to their appropriate targets by responding to a complex environment of attractive or repulsive guidance cues. Multiple loss of function genetic screens have been conducted in Drosophila to identify the molecular cues important in axon guidance (Seeger et al., 1993; Van Vactor et al., 1993; Kolodziej et al., 1995; Salzberg et al., 1997; Hummel et al., 1999a Hummel et al., ,b, 2000 . These screens have been based on the ability to visualize loss of function phenotypes in the embryonic nervous system and have led to the identification of numerous genes that play essential roles in nervous system development.
Although loss of function screens are a powerful approach in the dissection of complex processes, there are classes of genes that are missed by such approaches. For instance, genetic redundancy may exist where additional genes can compensate for the loss of a single gene product. Loss of function phenotypes may be subtle and escape detection. In fact, it has been estimated that two-thirds of genes have no easily identifiable loss of function phenotype (Huang and Rubin, 2000) . Gain of function screens are an alternative genetic approach that can identify some of the genes that are missed in conventional loss of function screens.
In order to identify genes involved in axon guidance and neural development that may have been missed in previous loss of function screens, we have undertaken a gain of function screen. This screen utilized the modular misexpression system developed by Rørth (1996) and Toba et al. (1999) . In our study we chose to induce expression of target genes in a pan-neural pattern in the embryo with scabarousGAL4 (scaGAL4). The CNS was then visualized immunohistochemically with two monoclonal antibodies, BP102 and 1D4, to reveal changes in the overall structure of the axon scaffold. In total, embryos from over 4100 individual P-element target lines were analyzed for misexpression phenotypes. Twenty-five lines corresponding to 18 genes revealed aberrant axon pathfinding in the CNS.
Results and discussion

The misexpression screen
This modular misexpression screen was based on the technique developed by Rørth (1996) . Transposable P-elements containing the upstream activating sequences (UAS) from yeast were mobilized in the Drosophila genome to randomly target endogenous genes. Expression of the yeast GAL4 protein, in a tissue specific fashion, results in transactivation of the mobile UAS element and thus transcription of its target gene. This technique works well since P-elements preferentially insert in the 5 0 untranslated and promoter regions of genes (Spradling et al., 1995) . Two different P-element constructs, EP and GS, were used in this screen to generate misexpression phenotypes. The EP construct, developed by Rørth (1996) , contains one minimal HSP70 promoter and one set of UAS sequences. The GS construct, developed by Toba et al. (1999) , contains two minimal HSP 70 promoters oriented in opposite directions and two sets of UAS sequences. Therefore, the GS construct will induce misexpression of endogenous genes regardless of the orientation of the P-element insertion in the genome whereas the EP construct is unidirectional.
All P-element target lines were crossed to the pan-neural transactivator scaGAL4. scaGAL4 initiates strong expression in all neuroblasts and glia beginning at stage eight (Mlodzik et al., 1990) . In addition there is weak expression in epidermal tissue. To confirm that the phenotype observed was due to misexpression of the target gene and not simply due to the insertion of the target P-element, lines revealing a misexpression phenotype were crossed to white 1118 flies as a negative control. Any phenotype generated without the transactivator is likely due to a dominant effect of the P-element insertion and not misexpression.
Embryonic CNS phenotypes were visualized under the dissecting microscope by immunohistochemical staining of whole-mount embryos with monoclonal antibodies (mAb) BP102 or 1D4. The embryonic CNS of Drosophila consists of two longitudinal tracts on either side of the midline connected by pairs of commissures. mAb BP102 labels all axons of the CNS revealing its regular ladder like structure (Fig. 1A) . In the CNS mAb ID4 staining is restricted to a subset of longitudinal fascicles, which allows for closer analysis of ipsilateral projections (Fig. 2C) . Sequences flanking the P-element insert, recovered by inverse PCR or plasmid rescue, were used to determine the genomic location of insertions producing phenotypes.
The genes identified in this screen were divided into three categories: (1) axon guidance, (2) embryonic patterning and cell cycle regulation and (3) genes not previously implicated in axon guidance (Table 1) . The third category includes several zinc finger transcription factors including Kruppelhomolog1, HNF-4, Squeeze and two previously uncharacterized predicted genes, CG9650 and CG11966. The identification of several transcription factors is intriguing. Little is known about the transcriptional regulation of genes involved in axon guidance and CNS development. Transcriptional regulation of axon guidance genes is likely to play a critical role in their function by determining temporal and spatial expression patterns. Calnexin99A, a putative molecular chaperone and calcium binding protein, was identified as well. While Calnexin molecules have been studied extensively in vertebrates, their function in Drosophila is not known. Genes identified in this screen that are involved in axon guidance, embryonic patterning and cell cycle regulation are discussed briefly. The third category of genes, those not previously studied in the context of axon guidance or neural development, were analyzed more extensively and are discussed in greater detail.
2.2. Axon guidance, embryonic patterning and cell cycle regulatory genes GEF64C, a Rho dependent guanine nucleotide exchange factor (GEF) (Bashaw et al., 2001 ), roundabout2 (robo2), a repulsive guidance receptor (Rajagopalan et al., 2000a,b; Simpson et al., 2000a,b) , and derailed (drl), a receptor tyrosine kinase (Yoshikawa et al., 2001) , are genes identified in this screen that are known to function in axon guidance (Fig. 1B -D) . Identification of these genes in our screen confirms that we can isolate genes involved in axon guidance by this misexpression technique. Furthermore these genes, which possess strong gain of function phenotypes, have previously been shown to have quite subtle loss of function phenotypes when analyzed with mAb BP102 (Rajagopalan et al., 2000b; Simpson et al., 2000b; Bashaw et al., 2001; Yoshikawa et al., 2001) .
Embryonic patterning genes identified in this screen include: spalt (sal) (Barrio et al., 1999; Cantera et al., 2002) , huckebein (hkb) (McDonald and Doe, 1997) , hedgehog (hh) (Patel et al., 1989; Hummel et al., 1999a) , decapentaplegic (dpp) (Ferguson and Anderson, 1992; von Ohlen and Doe, 2000) , epidermal growth factor receptor (DER) (Scholz et al., 1997; von Ohlen and Doe, 2000) , and rhomboid (rho) (Urban et al., 2001 (Urban et al., , 2002 (Fig. 1E -J) . These are all well studied patterning genes that determine cell fates in the embryonic CNS. Loss of DER, Rho, Hh, Dpp and Hkb have all been shown to produce defects in the axon scaffold of the embryonic CNS (Patel et al., 1989; Bossing et al., 1996; Hummel et al., 1999a) . Also identified in this screen are the cell cycle regulatory genes Cyclin E and String (Fig. 1K,L) (Weigmann and Lehner, 1995) . Regulation of the cell cycle is important for correct determination of cell fates in the nervous system (Ohnuma et al., 2001) . The identification of patterning and cell cycle regulatory genes in this screen was anticipated; altering cell fates in the CNS can result in aberrant axon pathfinding (Patel et al., 1989; Klambt et al., 1991) . scaGAL4 is expressed in neuronal precursors and glia at a time when cell fate determination is made. The axon pathfinding errors observed in this subset of lines are likely a result of changing cell fate determination and differentiation in the CNS.
2.3. Genes with no expression in the CNS: HNF-4, RE41386, and CG11966 HNF-4/GS(2)A096. Insert GS(2)A096 lies within the Hepatocyte nuclear factor 4 (HNF-4) gene ( Fig. 2A) . HNF-4 is a member of the steroid hormone receptor superfamily. The HNF-4 protein contains a DNA binding region of two zinc finger domains and a putative ligand-binding domain. Drosophila HNF-4 has been proposed to function in early gut formation and organogenesis (Zhong et al., 1993) . In this screen, misexpression of HNF-4 generated a loss of commissure phenotype visible with mAb BP102 staining (Fig. 2D) . Commissures that did form were thinner than those seen in wild-type embryos (compare to Fig. 2B ). mAb ID4 reveals both the fusion of 1D4 positive longitudinal pathways and occasional disruptions of the most lateral fascicle (Fig. 2E , compare to wild type in Fig. 2C ). The loss of commissural projections is also apparent with mAb Fasciclin III. In wild-type embryos the RP1 neuron first projects across the midline and then exits the CNS in the ISN motoneuron pathway (Patel et al., 1987) . When HNF-4 is misexpressed the RP1 neuron fails to cross the midline (data not shown).
Since altering neuronal and glial cell identity will result in aberrant axon pathfinding we wanted to determine if phenotypes observed in this screen were due to changes in the cell fates of neurons and glia. A collection of antibody markers was used to label different subsets of cells. Antibodies to Even-skipped (Eve) and Engrailed (En) mark a subset of neurons (Patel et al., 1989) . Reversed polarity (Repo) antibody identifies all glia of the CNS except the midline glia (Campbell et al., 1994) . Finally, antiSingle-minded antibody (Sim) (Nambu et al., 1991) and a riboprobe to NetrinA (NetA) (Harris et al., 1996; Mitchell et al., 1996) were used to label CNS midline cells. The patterns of neurons and glia identified with these markers appeared wild type in embryos misexpressing HNF-4 (data not shown). Therefore, the loss of commissure phenotype observed in this screen does not appear to be due to changes in cell fates but rather the misregulation of genes important for proper axon pathfinding.
In wild-type embryos strong RNA accumulation of HNF-4 transcript was observed in the foregut, hindgut, oenocytes, and trachea (data not shown). A subset of this expression pattern is similar to what has been previously reported (Zhong et al., 1993) .
RE41386/EP(3)M269. A transcript, represented by the EST RE41386, was misexpressed by EP(2)269 and sca-GAL4 in this screen. The 3 0 end of this EST contained 1 kb of a Roo element, a highly repetitive retrotransposon (Fig. 2F) . As a consequence of RE41386 misexpression a range of phenotypes were observed. Only 34% of embryos ðn ¼ 148Þ displayed a phenotype. Of that 34%, 71% of the embryos displayed a moderate phenotype in which commissures were reduced and fuzzy. (Fig. 2G) . A more severe phenotype was observed in 29% of embryos upon misexpression of RE41386. In this case commissures were absent and large sections of the longitudinal tracts were disrupted (Fig. 2H ). Both mAb BP102 and mAb ID4 identified breaks and disruptions in longitudinal tracts (data not shown).
Neuronal and glial cell identity was found to be wild type when assayed with several markers (Eve, En, Repo, and Sim antibodies as well as a NetA riboprobe, data not shown). The low penetrance and variable expressivity of this phenotype is unique in this screen. All other phenotypes identified in our screen were approximately 95-100% penetrant with a comparatively narrow range of expressivity.
In situ hybridization using 2.2 kb of unique sequence from RE41386 revealed no RNA accumulation in wild-type embryos. However, the gene was expressed in EP(2)269/ scaGAL4 embryos. The longest open reading frame contained in the 2.2 kb EST RE41386 is 68 aa in length with an unfavorable G/C bias. There is no homology of this EST with any other sequences in the Drosophila genome or other genomes as determined by BLAST searches. It is possible that this EST is part of the 5 0 untranslated region of a gene located further downstream. The next gene, located 29 kb away from the EP(2)M269 insertion, is the predicted transcript CG18356. No RNA accumulation of CG18356 was detected in EP(2)M269/scaGAL4 embryos indicating that this gene is not misexpressed. Gene prediction programs (Genie, Grail and Genefinder) did not identify additional genes in the 29 kb genomic region between RE41386 and CG18356. Thus, the phenotype observed in the CNS is likely due to the misexpression of the RE41386 transcript. Since no significant open reading frame could be identified within this transcript it is not clear how or why a misexpression phenotype was generated. It is always possible that this transcript is a functional non-coding RNA (Gottesman, 2002; Brennecke et al., 2003) .
CG11966/GS(3)A304. CG11966, a putative zinc finger transcription factor, was identified in this screen (Fig. 3A) . This gene has not previously been characterized. CG11966 encodes a 587 amino acid predicted protein with highest sequence homology to another predicted gene in Drosophila, CG4374 (Fig. 3B ). Both predicted genes encode two putative C 2 H 4 zinc finger motifs. Greatest amino acid similarity (78%) is found in the zinc finger region while overall similarity between the two proteins was lower (17%).
RNA accumulation of CG11966 transcript first appears in five stripes at stage 4. The most anterior and posterior of the five stripes appear first while the three medial stripes appear shortly thereafter. All stripes are fully formed by stage 5 (Fig. 3C ). At stage 13 RNA accumulation was seen in the esophagus, proventriculis and the poster spiracles (Fig. 3D ). Tracheal RNA accumulation was first observed at the end of stage 13 and disappears by stage 16. RNA accumulation in the esophagus and proventriculis remains until the end of stage 17 (Fig. 3E ). Misexpression of CG11966 was confirmed by in situ hybridization in GS(3)A304/scaGAL4 embryos (data not shown). The next predicted gene (CG11967) in the opposite direction of CG11966 is 25 kb from GS(3)A304, and thus it is unlikely that this gene is misexpressed as well.
Misexpression of CG11966 resulted in a dramatic fusion of the commissures and collapse of the nerve cord (Fig. 3F ).
Fusion of 1D4 positive fascicles was also observed at the midline (Fig. 3G ). Since elimination of the CNS midline cells results in a similar collapse of the nerve cord (Klambt et al., 1991) , we wanted to determine if the midline cells were still present in GS(3)A304/scaGAL4 embryos. Singleminded antibody was used as a marker for CNS midline cells. At stage 14 the number of midline cells was reduced while there are additional Sim positive cells located in the nerve cord (Fig. 3I , compare to wild type in Fig. 3H) . The identity of these extra Sim-positive cells is not known. An in situ riboprobe to Netrin A (NetA) was used to label the midline cells at later stages. NetA RNA accumulation began to fade from some midline cells beginning in stage 15 and continued to disappear through stage 17 (Fig. 3K , compare to wild type in Fig. 3J ). The neuronal antibody markers Eve and En as well as the glial marker Repo were all expressed and revealed a collapse of neurons and glia to the midline (data not shown). The altered position of neurons and glia is probably due to the disorganization of the axon tracts and not changes in the fates of these cells. Therefore, it is likely that the collapse of the nerve cord observed in GS(3)A304/ scaGAL4 embryos is due at least in part to a loss of midline cells.
In addition to the dramatic phenotype found in the ventral nerve cord, the overall morphology of the embryo after stage 13 was also quite distorted. Loss of epidermal tissue was first observed on the ventral side of the embryo at stage 13. This region of tissue loss enlarged and at stage 17 only a small patch of cuticle was present on the dorsal side of the embryo (Fig. 3M , compare to wild type Fig. 3L ). In loss of function mutations of neurogenic genes, a loss of epidermal tissue is often accompanied by hyperplasia of the nervous system. However, in this case, hyperplasia of the nervous system was not observed by staining with anti-Elav or anti-HRP antibodies (data not shown).
To further investigate the origin of this tissue loss we used acridine orange vital dye to identify regions of cell death. At stages where a loss in epidermal tissue was observed there was also an increased number of acridine orange positive cells in the same location (Fig. 3O , compare to wild type in Fig. 3N ). In addition, there was an increased number of acridine positive cells in the ventral nerve cord. Furthermore, misexpression of CG11966 in the eye with GS(3)A304/GMRGAL4 resulted in a severe reduction in the size of the eye similar to an eyeless phenotype, suggesting that misexpression of CG11966 may result in cell death in the eye as well (data not shown). The death of midline cells would explain the loss of Sim and NetA positive cells as well as the fused commissure phenotype observed with misexpression of CG11966.
The scaGAL4 driver induces expression in the epidermis as well as all neuronal precursors and glia. Thus, we wondered if the loss of epidermal tissue, and consequent loss of cuticle, could be explained by the expression of scaGAL4 in the epidermis. simGAL4 was used to initiate expression of GS(3)A304 in midline cells only. As expected, there was no loss of epidermal tissue and the overall morphology of the embryo was wild type, suggesting that the loss of epidermis is likely due to the misexpression of CG11966 by scaGAL4 in the epidermis. The complete collapse of the nerve cord as observed with scaGAL4 was not recapitulated with simGAL4. Only a mild fused commissure phenotype was observed (data not shown). When elavGAL4 was used to drive misexpression in mature neurons no phenotype was observed. Therefore, these findings suggest that misexpression of CG11966 in neuronal precursors and glia is required for the complete collapse of the nerve cord.
HNF-4, CG11966 and RE41386 are not typically expressed in the CNS, however, misexpression of these transcripts could result in changes in normal components in the CNS and hence cause phenotypes. For example, misexpression of HNF-4, a transcription factor and CG11966, a putative transcription factor, could result in aberrant transcriptional regulation of other genes in the CNS. The misexpression of these transcription factors in the wrong environment containing a different compliment of transcription factors may result in the regulation of genes in the CNS that are not their normal targets. Thus, the inappropriate activation or repression of target genes in the CNS could result in the phenotypes observed in this misexpression screen. Since these genes are not expressed in the embryonic CNS it is unlikely that they are normally involved in axon pathfinding or CNS development.
2.4. Zinc finger transcription factors with expression in the embryonic CNS: Kr-h1, CG9650 and squeeze Kr-h1/GS(2)A029, EP(2)2289. Two insertions resulting in misexpression of the Kruppel-homolog1 (Kr-h1) gene were recovered. GS(2)A029 and EP(2)2289 were located , 400 bp apart in the 5 0 untranslated region of the gene (Fig. 4A ). Both insertion lines produced similar misexpression phenotypes. Kr-h1 was first identified by its sequence similarity in the zinc finger region to the Drosophila Kruppel (Kr) gene but no functional homology between Kr-h1 and Kr has been identified (Schuh et al., 1986) . Kr-h1 has been shown to function as a regulator of the prepupal ecdysone response (Pecasse et al., 2000) and as a regulator of white mRNA levels in Drosophila pupae (Benevolenskaya et al., 2000) .
Misexpression of Kr-h1 by GS(2)A029 or EP(2)2289 yielded a fused commissure phenotype when analyzed with mAb BP102 (Fig. 4B) . Fused 1D4 positive fascicles were found as well as the occasional inappropriate crossing of some 1D4-positive axons (Fig. 4C) . In some segments, sections of the longitudinal tracts were also absent. RNA accumulation of the Kr-h1 transcript was first observed in a subset of neurons at stage 12 (Fig. 4D) . At stage 13, RNA accumulates in the peripheral nervous system (PNS) (Fig. 4E) , and by stage 14, RNA accumulation was observed throughout the CNS and PNS (Fig. 4F) . At stage 15, RNA accumulation in the PNS decreases while CNS RNA accumulation remains strong (Fig. 4G) . RNA accumulation diminishes in the CNS at stage 16 and was present at very low levels at stage 17.
Two loss of function alleles of Kr-h1, Kr-h1 10642 and Kr-h1 K04411 (both P-element insertions in the 5 0 UTR of the gene) had an apparently normal CNS when analyzed with the axonal markers BP102 or ID4 or the neuronal marker Eve.
CG9650/EP(X)1617. EP(X)1617 is located between the first and second exons of the predicted gene CG9650 (Fig. 5A) . CG9650, which contains five C 2 H 4 zinc finger motifs, is most closely related to the human BCL11A gene (Fig. 5B) . The zinc fingers of CG9650 are all adjacent, whereas, in BCL11A the six zinc fingers are distributed throughout the gene. There is 75% aa identity between the first two zinc fingers of CG9650 and the second and third zinc fingers of BCL11A. The last three zinc fingers are 84% identical between these genes. A predicted gene from C. elegans, F13H6.1, encoding three zinc fingers has 71% aa identity to the last three zinc fingers of CG9650. An enhancer trap screen for novel essential genes on the X chromosome also identified CG9650 (Bourbon et al., 2002) .
Misexpression of CG9650 generated a fused commissure phenotype as revealed by mAb BP102 immunohistochemistry (Fig. 5C ). Inappropriate crossing of the midline by the severely disordered longitudinal fascicles was observed with mAb 1D4 (Fig. 5D) . In situ hybridization to wild-type embryos showed CG9650 RNA accumulation beginning at stage 9 in a few mesectodermal cells along the presumptive midline and in the procephalic neurogenic region (PNE) (Fig. 5E ). At early stage 12 RNA accumulation is found throughout the developing CNS (Fig. 5F ). PNS accumulation is strong at stage 13 (Fig. 5G ) but disappears by stage 14. Finally, at stage 17 RNA accumulation in the periphery is restricted to seven groups of cells whose position is consistent with that of the oenocytes of the endocrine system (data not shown). The RNA accumulation in a subset of the CNS remains strong through stage 17 (Fig. 5H) .
Squeeze/GS(3)1168. GS(3)1168 is inserted 12 bp upstream from the translational start site of the zinc finger transcription factor Squeeze (sqz) (Fig. 6A) . Sqz, also known as CG5557, l(3)02102 and scim34, was first identified in a screen for zygotic lethal mutations (Perrimon et al., 1996) and in a screen for mutations with dominant Cartoon of the predicted proteins of CG9650, human BCL11A XL (ac AJ404611), and C. elegans predicted gene F13H6.1. The yellow boxes represent the putative C 2 H 2 zinc finger regions. Q represents stretches of amino acids rich in glutamine and E represents stretches of amino acids rich in glutamic acid. CG9650 has the highest amino acid sequence identity to these proteins in the zinc finger regions. There is 75% amino acid identity to CG9650 between the first two zinc fingers of BCL11A XL and 84% amino acid identity between the last three zinc fingers. CG9650 has 71% amino acid identity to the last three zinc fingers of F13H6. effects in chromosome inheritance (Dobie et al., 2001) . Recently, Sqz has been shown to function in the specification of neuropeptide cell identity in peptidergic cells (Allan et al., 2003) . Sqz is most similar to Drosophila Rotund, a gene important for proper imaginal disk formation, with 89% aa similarity in the zinc finger region (Fig. 6B ) (St Pierre et al., 2002) . Sqz is also 78% similar in the zinc finger region to the C. elegans Lin-29 gene which is thought to regulate genes involved in the terminal development of the epidermal seam cells, the uterus, and the vulva (Newman et al., 2000) . Among mammalian genes Sqz is most similar (59%) to the rat Cas-Interacting Zinc finger protein (CIZ) (Nakamoto et al., 2000) .
Fused commissures were observed as a consequence of Sqz misexpression (Fig. 6C) as well as inappropriate crossing of the midline by 1D4 positive fascicles (Fig. 6D) . In wild-type embryos at stage 11 sqz RNA accumulation was observed in a subset of cells that compose the presumptive midline (Fig. 6E) . At stage 12 a subset of cells in the developing CNS accumulate Sqz RNA (Fig. 6F) . Expression in these cells becomes restricted to a smaller subset of cells in the abdominal segments at stage 13 (Fig. 6G) . Finally, at stage 14, RNA accumulation was found in a few cells at the lateral edge of the nerve cord (Fig. 6H) . The identity of these cells is not known, however, their position is consistent with that of the exit glia (Sepp et al., 2001) . Faint RNA accumulation in the nerve cord remains during stages 15 -17 (data not shown).
GS(3)1168 is located 12 bp upstream from Sqz and misexpression of Sqz was confirmed by in situ hybridization in GS(3)1168/scaGAL4 embryos. The GS construct is bidirectional thus allowing for the possible misexpression of genes located on either side of the GS insert. CG5558 is found 1.9 kb away from GS(3)1168 in the opposite direction from Sqz. In situ hybridization on GS(3)1168/scaGAL4 embryos with a riboprobe to CG5558 resulted in a very low level of RNA accumulation, while endogenous RNA accumulation of CG5558 in the trachea of wild-type and misexpressed embryos was quite strong. The level of CG5558 RNA accumulation in GS(3)1168/scaGAL4 embryos was greater than 10 fold lower than the level of sqz accumulation. Therefore, it is unlikely that misexpression of CG5558 results in the observed misexpression phenotype. Furthermore, it has been reported that misexpression of UAS-sqz by elavGAL4 resulted in aberrant axon pathfinding of embryonic Tv neurons (Allan et al., 2003) .
To study potential loss of function phenotypes of Sqz we utilized the P-element insertion l(3)02101. Previous studies showed that the insertion of this P-element in the coding region of Sqz resulted in abnormal oogenesis (Perrimon et al., 1996) . When we studied the l(3)20102 P-element in trans to a deficiency for the Sqz locus, no phenotype in the CNS was observed with mAbs BP102, 1D4 or Eve (data not shown). Furthermore, others have found no gross morphological defects in sqz mutant embryos or larvae (Allan et al., 2003) .
In embryos misexspressing Kr-h1, CG9650 and Squeeze the development of a subset of neurons and glia were analyzed immunohistochemically with several markers in order to identify cell fate changes of neurons or glia (i.e. mAbs Eve, En, Repo, Sim, and NetA riboprobe). In each case no cell fate changes were detected.
Transcriptional regulation has been shown to play a critical role in the correct temporal and spatial expression of axon guidance receptors in both motoneurons and CNS interneurons (Daston and Koester, 1996; Thor et al., 1999; Abrell and Jackle, 2001; Condron, 2002; Crowner et al., 2002; Odden et al., 2002) . LIM-homeodomain transcription factors have been shown to regulate motoneuron pathfinding and a 'combinatorial code' of LIM family members is required for proper motoneuron pathway selection (Thor et al., 1999) . Recently, Lola, a zinc finger transcription factor, has been shown to affect midline crossing of axons in the CNS by regulating expression of the midline repellent Slit and its receptor Robo (Crowner et al., 2002) . It is quite possible that misexpression of Kr-h1, CG9650 or Squeeze can modulate levels of genes necessary for proper axon guidance and thus result in changes to the CNS axon scaffold. Further experiments to identify the genes that are regulated by these transcription factors are required to answer this question.
2.5. Calnexin 99A, a chaperone molecule, is expressed in the embryonic CNS Calnexin99A/EP(3)3522. EP(3)3522 is located 800 bp upstream from Calnexin 99A (Cnx99A) (Fig. 7A ). There are three Calnexin homologs in Drosophila. The first Calnexin identified was mapped to 14D on the X chromosome (also known as CG9906) (Hong and Ganetzky, 1996) . A second Calnexin-like molecule was mapped to 99A on the third chromosome (also known as CG11958) (Christodoulou et al., 1997) . Upon examination of the Drosophila genome a third Calnexin-like molecule, CG1924, is found at 11A on the X chromosome (Fig. 7B) . The Calnexins encode a calreticulin domain that consists of a low capacity, high affinity calcium binding domain, a globular domain and a high capacity, low affinity calcium binding domain, and a short transmembrane domain (Christodoulou et al., 1997) . Calnexin homologs have been found in a variety of (CG11958), Cnx14D (CG9960) and a putative calnexin predicted from the Drosophila Genome Project (CG1924). The purple box represents the predicted transmembrane region while the yellow box represents the calreticulin domain. Overall there is 77% protein (82% nucleotide) identity between Cnx99A and CG1924. There is 76% protein (89% nucleotide) identity between Cnx99A and Cnx14D (CG9906). (C -H,J,K) Dissected nerve cords from wild-type embryos (E,G) and embryos in which Cnx99A is misexpressed with scaGAL4 and EP (3) organisms including mammals, plants and yeast. In vertebrates, Calnexin is a membrane protein of the endoplasmic reticulum and is thought to function as a molecular chaperone aiding in the folding of polypeptides (Christodoulou et al., 1997) . Furthermore, mutations in Calnexin have been implicated in a variety of human diseases in which key proteins are not folded properly (Chevet et al., 1999) .
Misexpression of Cnx99A generated a fused commissure phenotype as revealed by BP102 immunohistochemistry (Fig. 7C ). The two most medial longitudinal fascicles, as visualized with mAb 1D4, cross and recross the midline leading to a phenotype that is reminiscent of the Robo loss of function phenotype (Fig. 7D) . In order to determine if Robo protein was present, an anti-Robo antibody was used on EP(3)3522/scaGAL4 embryos (data not shown). Normal levels of Robo protein accumulation were detected therefore the inappropriate crossing of the midline by 1D4-positive fascicles is not due to the loss of Robo protein.
To determine if the misexpression phenotype observed was due to changes in cell fate, we again used a set of antibody markers to examine neurons and glia. The midline cells appeared wild type at all stages with mAb Sim (Fig. 7F , compare to wild type in Fig. 7E ). Conversely, when midline cells were examined with a riboprobe to NetA we found that RNA accumulation in the midline cells began to disappear from some cells at stage 15. NetA RNA became restricted to an even smaller number of midline cells at stage 16, and by stage 17 very few midline cells showed NetA RNA accumulation (Fig. 7H , compare to wild type in Fig. 7G ). This same phenotype was observed with a NetrinB (NetB) riboprobe as well as anti-Wrapper antibody, which identifies the midline glia that ensheathe the commissures (data not shown) (Noordermeer et al., 1998) . While the over expression of Calnexin99A does not appear to affect early CNS midline determination, it does result in the downregulation of NetA, NetB and Wrapper at later stages.
A riboprobe to an EST containing Cnx99A revealed strong RNA accumulation throughout the developing CNS at stage 9 in wild-type embryos. At stage 12 accumulation in the gut was observed. Weaker RNA accumulation in the CNS was observed to the end of stage 17 (Fig. 7I ). Because there is over 82% nucleotide identity between the three Drosophila Calnexin homologs, including high homology in the 5 0 and 3 0 UTRs, it is possible that this riboprobe recognizes all three Calnexin homologs.
The simGAL4 driver was used to investigate the consequence of misexpressing Cnx99A in the CNS midline cells. The BP102 phenotype observed with simGAL4 misexpression was quite similar to the phenotype observed with scaGAL4 misexpression (Fig. 7J, compare to Fig. 7C ). Misexpression of Cnx99A in all neurons and glia or in CNS midline cells alone resulted in a fuzzy, fused commissure phenotype. Furthermore, NetA, NetB, and Wrapper accumulation were down-regulated with both drivers. Loss of wrapper has previously been shown to result in a fuzzy fused commissure phenotype. In wrapper mutants the midline glial cells develop and migrate properly but at stage 16 they fail to ensheathe the commissural axons and die (Noordermeer et al., 1998) . In Cnx99A misexpression embryos the BP102 phenotype observed is likely due in part to the down-regulation of Wrapper at later stages. Misexpression of Cnx99A could be affecting CNS midline cell survival directly or indirectly by altering the expression of genes required for CNS midline cell survival such as Wrapper.
Since Cnx99A contains calcium-binding domains we considered the possibility that the inappropriate midline crossing of the 1D4-positive fascicles was due to calcium sequestration in axons. Previous studies have shown that the disruption of Ca 2þ -calmodulin (CaM) signaling, by sequestering free Ca 2þ in the growth cone, resulted in inappropriate crossing of the midline by the MP1 neuronal pathway (VanBerkum and Goodman, 1995) . In order to investigate the consequence of misexpressing Cnx99A in midline cells verses neurons the simGAL4 driver was used. If overexpression of Cnx99A in all neurons and midline cells results in reduced calcium levels in the growth cone, we would expect that restricting expression to just the CNS midline cells would generate a less severe phenotype. This in fact was the case as only the most medial 1D4 positive fascicle was found to cross the midline when Cnx99A was misexpressed with simGAL4 (Fig. 7K ). This is in stark contrast to the severe 1D4 phenotype produced when Cnx99A was misexpressed in all neurons with scaGAL4 (Fig. 7D ). The few 1D4-positive fascicles that do cross the midline when Cnx99A was misexpressed with simGAL4 could be a result of reduction in midline guidance cues such as Slit, NetA, and NetB at later stages of CNS development.
Two putative loss of function alleles of Cnx99A were generated in our lab. Since Cnx99A is lethal when misexpressed with scaGAL4 we mutagenized EP(3)3522 males and looked for a reversion of the lethality phenotype when scaGAL4 was present (see Section 3). Each putative loss of function allele was placed in trans to a deficiency for the region spanning Cnx99A. No embryonic loss of function phenotypes were observed in the CNS upon examination with mAbs BP102 or 1D4.
Summary
In this misexpression screen we have identified genes important for the regulation of axon guidance, embryonic patterning and cell cycle control. Additionally, we isolated a set of transcription factors that have not been previously implicated in CNS development or axon pathfinding. Although many genes necessary for development of the CNS and axon pathways have been characterized, we know little about the transcriptional regulation of these genes. Proper transcriptional regulation is clearly critical for the correct temporal and spatial regulation of genes necessary for assembly of a complex nervous system. Thus this misexpression screen has identified several genes that may play important roles in the formation of the CNS.
Recently a similar gain of function screen for genes involved in motoneuron guidance was performed (Kraut et al., 2001 ). Although our screen and the Kraut et al. screen were both designed to detect defects in axon guidance, a very different set of genes was recovered in each case. In fact, only Kr-h1 and Robo2 were identified in both screens. Why did two similar misexpression screens generate such different outcomes? First, the markers used to identify misexpression phenotypes were quite different. Kraut and colleagues used a GFP line to label most motoneuron projections, branch points and synapses, allowing them to visualize single motoneuron projections in the periphery of the developing larvae. Our screen utilized more general axon markers, mAbs BP102 and 1D4, to assay organization of the axon scaffold within the embryonic CNS. Second, although both groups misexpressed genes in a pan-neural pattern, there are significant differences between the specific GAL4 driver lines that were used. Kraut and colleagues used the elavGAL4 driver, which is expressed in mature neurons (Lin and Goodman, 1994) . In contrast, we used scaGAL4, which is expressed in neuronal precursors, their progeny, and glia. The only genes found in our screen that produced CNS phenotypes when misexpressed with the elavGAL4 driver were Robo2, Drl, and DER. Thus, the majority of genes identified in our screen with the scaGAL4 driver would not have been detected in a screen utilizing the elavGAL4 driver. The ability to drive misexpression at earlier stages may be critical for the efficient isolation of transcriptional regulators of genes involved in axon guidance and neural development.
The identification of several transcription factors in our screen is intriguing given that several studies have shown the importance of transcriptional regulation in axon guidance of both motoneurons and CNS interneurons (Daston and Koester, 1996; Thor et al., 1999; Abrell and Jackle, 2001; Condron, 2002; Crowner et al., 2002; Odden et al., 2002) . In motoneurons, LIM-homeodomain transcription factors have been shown to regulate axon pathfinding. These LIMhomeodomain family members make up a 'combinatorial code' where several transcription factors act in concert to regulate motoneuron pathway selection and target recognition (Thor et al., 1999) . Hkb, a zinc finger transcription factor identified in this screen, is required for proper motoneuron guidance in addition to its role in determining cell fates in the CNS (Daston and Koester, 1996) . HB9, a homeodomain transcription factor, is expressed in a subset of motoneurons and interneurons. Loss of HB9 results in aberrant target recognition while overexpression of HB9 with scaGAL4 resulted in defects in the CNS scaffold (Odden et al., 2002) . Transcriptional regulation has been shown to be critical for the correct temporal and spatial expression of axon guidance cues at the CNS midline (Crowner et al., 2002) . Lola, a zinc finger transcription factor, has been shown to regulate midline crossing of axons in the CNS by regulating expression of the midline repellent Slit and its receptor Robo (Crowner et al., 2002) . Therefore, it is quite likely that in this screen the misexpression of transcription factors such as Kr-h1, CG9650 and Squeeze resulted in the modulation of the expression of genes necessary for proper axon guidance or neural development and thus resulted in changes to the CNS scaffold. Further experiments to identify the genes regulated by these transcription factors are required to elucidate this question.
Methods
Fly stocks
A total of 4156 individual P-element lines were screened. Of the 3178 EP lines screened, 2289 were from the Rørth collection and 889 were generated in our lab by mobilizing EP(X)764, EP(X)784, EP(X)399 and an EP line inserted on a chromosome containing CyO, with a source of P transposase (D2-3). Of the 978 GS lines screened 672 were generated in our lab by mobilizing GS046,CyO (Toba et al., 1999) to the X, second or third chromosomes with the same source of transposase. Three hundred and six GS lines were generated by C. Zeng (Univ. Wisc.-Milwaukee). Roughly 15% of the lines screened had P-element insertions on the X while 85% contained insertions on the autosomes. The distribution of Pelement insertions is an estimate based on the strategy used to generate new insertion lines. Insertion lines generated in our lab and by C. Zeng were mapped only after a mutant phenotype was identified. Target lines that were not homozygous viable were crossed to balancers containing actin5C:lacZfusion gene (blue balancers) in which bgalactosidase is produced under control of the actin5C promoter, to allow for positive identification of embryos containing both the P-element and scaGAL4. Fly stocks were maintained at room temperature on standard corn meal/ sucrose media. The version of the elavGAL4 driver used in this screen was elav c155 GAL4.
Immunohistochemistry
Embryos were collected overnight on apple juice plates supplemented with yeast paste and fixed in 4% formaldehyde/heptane fix in custom-made 36 well Plexiglas plates (Seeger et al., 1993) . Embryos were incubated in primary antibody overnight and in secondary antibody for 2 h to overnight. Antibodies used in this study include: mAb 4D9 anti-En (1:2), mAb 22C10 anti-Futsch (1:20), mAb 2D5 anti-Fas III (1:5), polyclonal Ab RK2 rat anti-Repo (1:20 preabsorbed). mAb BP102 (1:40), mAb ID4 anti-Fas II (1:40), mAb anti-Single-minded (1:1), mAb 2B8 anti-Eve (1:20), and mAb 10D3 anti-Wrapper (1:1 preabsorbed). Anti-Single-minded, 2B8 anti-Eve and 10D3 anti-Wrapper were obtained from the Developmental Studies Hybridoma Bank. Mouse mAb anti-b galactosidase (1:500) (Promega), rabbit anti-HRP (1:1000), HRP-conjugated goat anti-mouse secondary antibody (1:500), HRP-conjugated goat anti-rat secondary antibody (1:500) and HRP-conjugated goat antirabbit secondary antibody (1:500) were obtained from Jackson Immunoresearch Labs. HRP color development was performed using 0.3 mg/ml Diaminobenzadine and hydrogen peroxide.
Phenotypic analysis
All stained embryos were analyzed under a Zeiss StemiSV11 dissecting microscope. All lines with progeny displaying a mutant phenotype were saved and rescreened for confirmation. Mutant phenotypes were further analyzed under the magnification of a Zeiss Axioskop microscope and photographed with a Kodak DC290 digital camera. Embryos were staged according to Campos-Ortega and Hartenstein (1985) .
Sequence analysis
Genomic DNA was isolated and flanking DNA was obtained from the 3 0 end of the P-element insertion by plasmid rescue or by inverse PCR (Sullivan et al., 2000) . Primers used for inverse PCR were Pry4 (CAATCA-TATCGCTGTCTCACTCA) and Pry1 (CCTTAG-CATGTCCGTGGGGTTTGAAT). For nested PCR primers X4 (TCACTCAGACTCAATACGAC) and X1 (CTTGGTTGCTGGTTACTT) were used. The 31 bp P-element inverted repeat (CGACGGGACCACCT-TATGTTATTTCATCATG) was used as a primer for sequencing. Flanking sequence was analyzed at the National Center for Biotechnology Information (NCBI) database (http://www.ncbi.nlm.nih.gov/blast) or the Berkeley Drosophila Genome Project (BDGP) database (http://www. fruitfly.org/blast/) using the Basic Local Alignment Search Tool (BLAST). Identification of the genes surrounding the P-element insertion was performed with the GeneSeen (Gadfly) (http://www.fruitfly.org/cgi-bin/annot/query) and Flybase (http://flybase.bio.indiana.edu/) databases.
Adult phenotype analysis
Each P-element target line was crossed to scaGAL4 and the progeny were allowed to reach adulthood. Eyes, bristles, and wings were examined for defects. For viability testing the number of flies containing both scaGAL4 and the P-element were compared to the number of flies containing only scaGAL4 or only the P-element. Flies homozygous for the P-element insertion were crossed to scaGAL4 balanced over CyO. If the P-element insertion was not homozygous viable the lines containing the P-element over a balancer were crossed to homozygous scaGAL4 flies. This ensured that 50% of the progeny would misexpress the P-element targeted transgene while 50% would not.
In situ hybridization
In situ hybridization was performed using digoxigenin labeled probes (Roche) and alakaline-phosphatase color detection (O'Neill and Bier, 1994) . Riboprobes were synthesized with the following ESTs (ResGen): Cnx99A: AT01152, CG9650: LP06790, HNF-4: RE22516, Kr-h1: RE57338, Sqz: RE47384. For EP(2)M269 a 5 0 2.2 kb segment of RE41386 was subcloned into pBSK to eliminate 1 kb of highly repetitive Roo element sequence. An EST was not available for the region containing CG11966 or CG18356. CG11966 was amplified from genomic DNA with PCR (fp: CCACCTGTCCATCAATGGGAT and rp: ATTGTCCGTGGTGCTAACCAC). CG11966 was subsequently cloned into pBSK. CG18356 was amplified from genomic DNA with PCR (fp: GCAAAAACGAGAA-GGACTGCGATG and rp: CTTATCACAGCCGCCG-GATCCG) and subcloned using TA Cloning (Invitrogen). A riboprobe to CG5558 was generated directly from PCR product (fp: CCCAATCCTGGATATGTGCGCATCAAC and rp: GGCCATCGGTAAGATCACTGTCC). Misexpression of HNF4/GS(2)A096, CG11966/GS(3)A304, RE41386/ EP(3)M296, Kr-h1/EP(2)2289, Kr-h1/GS(2)A029, squeeze/GS(3)1168M, CG9650/EP(X)1617, and calnexin99A/EP(3)3522 was confirmed by in situ hybridization in embryos containing the P-insertion and scaGAL4.
Acridine orange
Identification of cell death with acridine orange dye was performed as previously described (Abrams et al., 1993) . Embryos were dechorinated in 50% bleach and fixed for 1 min in an equal volume of heptane and 1.6 mM acridine orange (Sigma) in Ringer's solution. Embryos were mounted in mounting medium (#18606, Polysciences Inc) and viewed with a confocal fluorescence microscope.
Cuticle preparation
Cuticle preparations of embryos were performed as described in Protocol 36.1 (Sullivan et al., 2000) . Aged embryos were dechorinated in 50% bleach, rinsed and mounted in Hoyer's Mounting Medium. The medium was cured overnight at 60 8C.
Generation of loss of function mutations
Two putative loss of function mutations were generated for Cnx99A. Misexpression of Cnx99A with EP(3)3522 and scaGAL4 was lethal. Loss of function mutations were identified by the reversion of this misexpression lethality. Males from EP(3)3522 were mutagenized with 25 mM EMS (Sigma) in 5% sucrose overnight. Mutagenized males were crossed en mass to scaGAL4 virgin females. Males were removed and females were brooded after 5 days. Survivors containing the P-element target insertion and scaGAL4 were balanced and rescreened by crossing the balanced stock to scaGAL4 again. Progeny from lines that were no longer lethal when misexpressed with scaGAL4 were tested immunohistochemically with mAb BP102 and mAb 1D4 to confirm that the misexpression phenotype was also reverted.
